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Abstract
We demonstrate locally coherent heteroepitaxial growth of silicon carbide (SiC) on
diamond, a result contrary to current understanding of heterojunctions as the lattice
mismatch exceeds 20%. High-resolution transmission electron microscopy (HRTEM)
confirms the quality and atomic structure near the interface. Guided by molecular dy-
namics simulations, a theoretical model is proposed for the interface wherein the large
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lattice strain is alleviated via point dislocations in a two-dimensional plane without
forming extended defects in three dimensions. The possibility of realising heterojunc-
tions of technologically important materials such as SiC with diamond offers promising
pathways for thermal management of high power electronics. At a fundamental level,
the study redefines our understanding of heterostructure formation with large lattice
mismatch.
Diamond is a wide-bandgap semiconductor with an extreme thermal conductivity of
2400 W/m/K1 that is of acute interest for novel quantum and high power electronic de-
vices.2–5 It would be highly desirable to incorporate diamond into electronic structures such
as high power silicon carbide (SiC) circuits to improve device performance; this is also true
for nanoscale silicon device structures that are limited by high temperature.6,7 The small
lattice parameter of single crystal diamond, however, limits the choice of materials with
which it can form heterostructures. Typical problems include, amorphous growth or sig-
nificant interfacial strain relief by defects such as screw dislocations, threading faults, and
twinned growth.8–11 Such defects compromise the quality of the heteroepitaxial layer by ex-
tending through the grown material and can substantially degrade thermal transport and
layer adhesion.12–15 Furthermore, growth of single crystal diamond on different materials is
prohibitively difficult and typically results in polycrystalline material.16–18 This study re-
ports nearly strain-free epitaxial growth of SiC on diamond and paves the way for exploiting
the promising properties of diamond in high-power and high-frequency electronics.19
Heteroepitaxy with single crystal diamond growth is difficult and subjects the substrate
material to the harsh diamond growth environment18,20 and also typically results in poly-
crystallinity.21–23 These considerations, together with the recent introduction of wafer-scale
single crystal diamond,18,24,25 make it highly desirable to use diamond as the substrate upon
which high-power electronic materials are then epitaxially grown. To date, only AlN and
AlGaN/GaN heterostructures have successfully used diamond as a substrate for growth,26–28
though cases of diamond growth forming patches of coherence with 3C-SiC have been re-
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ported21 which were surrounded by unoriented and polycrystalline material with poor inter-
face characteristics. Unfortunately, the mismatch-induced strain in the AlN and AlGaN/GaN
structures is relieved by a high density of defects in the AlN lattice which also created a large
amount of dangling bonds26 and high electron mobility transistors made of AlGaN/GaN on
diamond required thick buffer layers to construct operational devices.27–29
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Figure 1: (a) Cross-sectional HRTEM (5 nm scale bar) of the prepared sample, showing
graphite, SiC and diamond layers. The image is taken in the [110] direction, and the inset
shows the FFT of the entire image. (b) SiC NEXAFS of the surface after 1350◦C anneal.
(c) Magnification of the selected area in (a) demonstrating a coherent interface between SiC
and diamond; slight misorientation is shown via the orange and ligh blue lines. (d) is the
FFT of (c) with clear and largely oriented SiC and diamond signals. (e) and (f) are FFTs of
the dashed and dotted regions, respectively, highlighted in (c) that verify the crystal quality
of SiC and diamond.
In this work we demonstrate that SiC can be grown heteroepitaxially on single crystal
diamond, producing a coherent and seemingly strain-free interface in localized regions by
utilizing Si surface termination procedures developed in earlier work.30 The absence of mea-
sured strain here is remarkable given the approximate 22% lattice mismatch of SiC relative
to diamond and the high degree of coherence between the lattices suggests that conventional
strain relief mechanisms are not present. Atomistic simulations are performed to understand
the nature of the interface and suggest that the lattice mismatch is resolved through bonding
3
reconstructions that are restricted to the interfacial layers without extending into the grown
film. These reconstructions eliminate dangling bonds that otherwise exist at low-quality,
highly-mismatched interfaces.
A high-resolution transmission electron microscopy (HRTEM) image of the fabricated
interface is shown in Fig. 1 with accompanying Fast Fourier Transforms (FFTs) and a Near
Edge X-ray Absorption Fine Structure (NEXAFS) spectrum. Fig. 1a shows three distinct
layers: a protective layer of graphite used for TEM handling, the grown SiC film with a
cubic lattice structure, and the diamond substrate. The 3C-SiC layer is confirmed with
NEXAFS in Fig. 1b31–33 and its stoichiometry is shown in the XPS (see SI). The grown
3C-SiC layer, seen in Fig. 1a, is approximately 10 nm thick and not atomically smooth nor
perfectly homogenous with noticeable shadow contrasting around the interface. This is due
to changes in material density that occur though the sample lamella (∼100 nm thick) and
strain from localized and extended defects. Despite this, the crystallinity in both the grown
layer and substrate is evident, as seen in the inset which is the calculated FFT of the TEM
image Fig. 1a. Importantly, no major strain-relieving threading dislocations are observed to
propagate into the bulk on either side of the interface. Fig. 1c is the enlarged area highlighted
in Fig. 1a with a dashed box where high coherence between 3C-SiC and diamond is seen
to cover several nanometers. Despite the coherence, the two materials are very slightly
misoriented by approximately 1◦, as shown in orange, comparable to the literature values of
0.52◦ when diamond was seeded on a 3C-SiC substrate.34 Coherence over 5-10 nanometres
without extended defects in the grown layer indicate that a periodic bonding structure exists
at the interface.
The quality of the interface is further demonstrated by the FFT shown in Fig. 1d, which is
calculated from Fig. 1c. Here, the bright diffraction signals are arranged into inner and outer
hexagons which are calculated from the delineated areas in Fig. 1c; these are caused by 3C-
SiC and diamond, respectively. From these FFTs it is clear that the misalignment between
the two materials, if any, is very slight with [11¯1¯], [002] and [11¯1] signals showing a strong
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Figure 2: (a) Schematic of four interfacial layers, where each sphere represents a tetragonal
unit cell with a 4-atom basis. Shaded areas compare 3 × 3 unit supercells, showing large
deviations between 3C-SiC and diamond. (b) Strained 4×4 SiC supercell overlaid on a 5×5
diamond supercell resulting in a Moire´ pattern. (c) Plot of supercell mismatch percentage
between various combinations of SiC and diamond unit cells. Ratios denote the number of
SiC and diamond unit cells, respectively.
linear dependency, thus providing strong evidence that the grown 3C-SiC used the diamond
as a template for crystallization. From these diffraction points, the lattice constants for 3C-
SiC and diamond are derived to be 4.42 A˚ and 3.61 A˚, respectively. The signal peaks were
located by fitting Gaussians to intensity line cuts that went through opposing [002] diffraction
points to achieve sub-pixel accuracy. The calculated values are within 2% accuracy of the
literature lattice constant values of aSiC = 4.360 A˚
35,36 and adiamond = 3.567 A˚
37 and are well
within instrumental error margins. This, in conjunction with the FFT plots, indicate that
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there is minimal strain between the materials despite a lattice mismatch of 22%. Outside
the area of high quality crystallinity, however, stacking faults and defects begin to appear in
the grown 3C-SiC layer as shown by fault lines in Fig. 1d which are barely evident in Fig. 1e
(from the (11¯1¯ point to the (002) point in the SiC Fourier transform). The formation of low-
strain SiC locally on single-crystal diamond provides strong evidence that this fabrication
procedure has promise in bypassing the polycrystalline limitations of diamond growth seen
in other diamond heterostructures.21
To understand the origin of the low-strain epitaxial growth in Fig. 1, molecular dynamics
(MD) simulations were performed to establish how strain could be resolved at the interface
without propagation of dislocations in SiC. The first step is the determination of the number
of unit cells, as summarized schematically in Fig. 2. Panel (a) shows four layers at the
interface where each sphere represents a 4-atom tetragonal unit cell with height a and in-
plane width of a/
√
2. The blue and red shading highlights the large (22%) in-plane mismatch
between 3×3 supercells of SiC and diamond. It is visually apparent in Fig. 2a that 4 unit
cells of SiC match reasonably closely to 5 unit cells of diamond, and here the supercell
mismatch is just 2.3%. Aligning the two interfaces for this ratio of 4:5 unit cells results in
the Moire´ pattern shown in Fig. 2b. From an atomic perspective, the Moire´ pattern raises a
challenge as it is unclear how to reconstruct the interface without creating dangling bonds
and other high energy configurations. Studies of lattice mismatch sometimes trivialize these
interfaces with one-dimensional schematics that do not account for the more difficult two-
dimensional problem. Fig. 2c shows that the 4:5 combination is not the only possibility
for the SiC/diamond interface, since adding an extra unit cell to both sides of the interface
yields a 5:6 ratio with a slightly lower supercell mismatch of 1.8%. More interesting is a
9:11 ratio for which the mismatch falls to an astonishingly low 0.008%. The 9:11 ratio
has previously been noted when patches of coherent diamond grew on 3C-SiC,21 but no
quantitative bonding arrangement was provided. This configuration, which involves two
dislocations as indicated by the orange text in Fig. 2c, is the focus of our attention for the
6
remainder of this manuscript.
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Figure 3: Structure of the reconstructed SiC/diamond interface. (a) View looking along the
[11¯0] direction. Carbon point dislocations (red) correspond with sp2 bonded atoms (blue)
every five or six diamond units. Dashed boxes are lattice slices that are viewed down the
[110] direction in (b) and (c). Magnified view of shaded green regions are shown in (d,e).
Point dislocations in (a) and (b) are highlighted via dashed guidelines in (f) and (g). Dashed
box in (c) is a lattice slice shown in plan view in (h). Peach lines indicate columns of Si-Si
covalent bonds.
The second step in the simulation involves using the Tersoff interatomic potential38 and
the LAMMPS package39 to explore possible interface reconstructions for the 9:11 ratio. This
involves: (i) an energy minimization to relax the initial structure, (ii) annealing at a fixed
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temperature, and (iii) minimization back to zero Kelvin. Four annealing temperatures were
used (500, 1000, 1500 and 2000 K) and the annealing time was 20 ps. The best results were
achieved at 1500 K, where the interface spontaneously reconstructed to form Si-Si and C-C
dimers in two characteristic motifs. One motif spanned 4 SiC unit cells and 5 diamond unit
cells, while the other motif spanned 5 SiC unit cells and 6 diamond unit cells. Notably, both
of these ratios correspond to small supercell mismatches as seen in Fig. 2.
In the third step, we manually assemble the 4:5 motif adjacent to a 5:6 motif to create
a reconstruction for the 9:11 ratio, yielding two dislocations. In the transverse direction
the annealing simulations reveal additional dislocations every 4 or 5 SiC unit cells. This
arrangement is also manually assembled. Next we remove two-fold coordinated (sp-bonded)
carbons created by the second set of dislocations. The annealing simulations reveal these
can be reconstructed in a 2×1 manner analogous to diamond and silicon (001) surfaces,
thereby forming sp2 bonds. Since a 2×1 arrangement requires an even number of diamond
unit cells, we duplicate the system along one axis to achieve an 18:22 ratio, followed by an
energy minimization. As this doubling is a minor detail, all further discussion displays only
a single 9:11 section.
Diagrams of the 9:11 interface are illustrated in Fig. 3. Panel (a) shows that the carbon
point dislocations are separated by either five or six diamond unit cells in the [110] direction
and are terminated with sp2 bonded carbon (blue). The dashed boxes in panel (a) form
slices down the [11¯0] direction that are seen in Fig. 3b and 3c. Panel (b) displays the
interface without sp2 carbon present; the sp2 carbon seen in Fig. 3c is mostly isolated from
the remainder of the interface as seen in panel (a). Along the [11¯0] direction an alternative
solution to the surface reconstruction is required. To accommodate misfit strain, single
Si-Si covalent bonds form every 4 or 5 SiC unit cells at the SiC interface and single C-C
covalent bonds form in cells adjacent to each Si-Si covalent bond in the diamond lattice.
This combination of point defects in the [110] and [11¯0] direction allow the additional lattice
units in diamond to terminate at the interface without creating extended defects in the
8
grown film; see the guidelines in Fig. 3f and g. As a result, defects in the heterostructure are
restricted to the two-dimensional plane of the interface, as opposed to propagating through
the third-dimension of the grown film.
The point defect highlighted in Fig. 3b is magnified in panel (d), demonstrating how
the point dislocation involves heptagonal and pentagonal rings to accommodate the extra
diamond unit cell. This creates a symmetry around the Si-Si covalent bond which is present
elsewhere in the interface, as seen in the other dislocation at the right of Fig. 3b. Similarly,
Fig. 3e expands the shaded area in panel (a) to emphasise the isolation of the sp2 carbon
bond that acts as point dislocation for the epitaxial layer looking along the [11¯0] direction.
In Fig. 3h, the carbon and silicon atoms at the interface are displayed in plan-view, showing
that the sp2 carbons (blue) do not affect the bonding scheme of the remaining interface and
that the point dislocation is self-contained within its own row. The peach lines highlight
columns of Si-Si covalent bonds, showing how the Si atoms are shifted together slightly
while the adjacent carbon atoms are shifted outwards, forming C-C covalent bonds with
their neighbouring carbon atom.
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Figure 4: (a) SiC/diamond interface with atoms coloured by their potential energy per
atom. (b) Layer-averaged potential energy as a function of distance from the interface.
Green shading indicates contributions to the interfacial energy.
To quantify the energetics of the reconstruction, the total potential energy was decom-
posed into atomic contributions and visualised (Fig. 4a). Away from the interface the atoms
adopt the bulk values for diamond and SiC; these compare well to their experimental values of
−7.37 eV/atom40 and −6.34 eV/atom,41,42 respectively. The potential energy gradient seen
in Fig. 4a shows that strain is confined to the interfacial region. The atoms with the most
positive potential energy are the interfacial Si atoms (−5.70 eV/atom) and the pi-bonded
carbon atoms (−6.28 eV/atom). However, within a few atomic layers of the interface the
potential energy returns to the bulk values, indicative of zero strain. This effect is quantified
in Fig. 4b which plots the layer-averaged potential energy as a function of distance from
the interface. On the SiC side only two layers deviate significantly from the bulk, showing
that strain is quickly removed as distance from the interface increases. On the diamond
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side the strain field penetrates slightly further, reflecting the high stiffness of diamond and
non-ideal structures such as pentagonal and heptagonal rings (Fig. 3d). Summing the energy
cost represented by the green shading in Fig. 4b yields a relatively modest interfacial energy
of 2.87 J/m2. For comparison, the surface energy of 2×1 reconstructed diamond with the
Tersoff potential is 6.20 J/m2, while the corresponding value for the Si-rich surface of SiC
is 4.01 J/m2. This demonstrates that the 9:11 interface provides a low-strain connection
between the two lattice types.
Based on the experimental evidence seen in Fig. 1c, which shows an interface with low
strain and high coherence, the 9:11 surface reconstruction demonstrated in Fig. 3f becomes
the most likely interface for the region of high crystalline quality as it resolves the surprising
coherence and strain issues. Due to the inhomogeneity at the interface with the fabrication
procedure, however, it would be challenging for the uniform periodic structure to form across
the entire interface. This is partially accommodated for by the ability of carbon to form pi
and σ bonds which resolves instances of high strain, but will result in extended defects in
larger regions, as seen in Fig. 1a. If greater control over carbon bond manufacturing at the
interface was available, not only 3C-SiC, but other materials with large lattice mismatches
could form low strain and highly coherent heterostructures with diamond.
In this paper we have shown both theoretically and experimentally that it is possible to
form an atomically sharp and minimally strained 3C-SiC film on a single crystal diamond
substrate in localized regions. Simulations indicate that this is achieved with an optimal
supercell ratio of 9:11 that removes dangling bonds and requires two rows of point dislocations
in the [11¯0] and [110] direction. This is further corroborated through strain calculations that
demonstrate that the misfit strain is relieved within five monolayers of the interface. Thus,
the high quality interface observed in the experiment is a likely realization of the mechanism
suggested by this simulation in localized areas despite the auto-nucleation at the interface.
Such a high crystalline quality interface is expected to allow for a minimal thermal barrier
junction, enabling improved device performance for high temperature electronic applications.
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Methodology
A single type Ib 〈100〉 crystal with a thin (< 1 µm) type IIb diamond overlayer was inserted
into vacuum after a short diamond growth which ensured the sample had a clean, high-
quality, hydrogen-terminated diamond surface. The single crystal 〈100〉 diamond substrate
was transferred from the Melbourne Centre of Nanofabrication to the Soft X-ray Spec-
troscopy beamline, located at the Australian Synchrotron. Here, it was annealed at 450◦C
for 2 hours to remove possible surface contaminants and adsorbates under UHV. To avoid
contamination, the entire growth, LEED, and XPS experiments were performed without
removing the sample from UHV conditions. The sample was then flash annealed to 1000◦C
in UHV to remove the hydrogen termination and reconstruct a clean 2 × 1 carbon surface,
confirmed to be free of oxygen via XPS. A monolayer of Si was then evaporated onto the
substrate and the sample was again flash annealed to 1000◦C to form a 3× 1 Si-terminated
diamond surface as confirmed by LEED.30 Approximately 5 nm of Si was then thermally
evaporated onto the Si-terminated diamond at room temperature over a period of 9 hours and
25 minutes. After the deposition the sample was annealed to 1350◦C and the formation of
SiC was verified via NEXAFS and XPS. High-resolution Transmission Electron Microscopy
was conducted ex-situ to further study the resultant SiC-on-diamond heterostructure.
The molecular dynamics simulations were performed using the LAMMPS package.39
Interactions were described using the Tersoff potential for silicon-carbide,38 which is based
on earlier Tersoff potentials for silicon43 and carbon.44 With this potential all interactions
are captured in a single framework. The interface was rectangular in shape, with the SiC side
containing 18 SiC unit-cells in the [11¯0] direction, 9 SiC unit cells in the [110] direction and
9 SiC unit-cells in the [001] direction. On the other side of the interface, the corresponding
number of diamond unit cells was 22, 11 and 11, respectively. Periodic boundary conditions
were employed in the [110] and [11¯0] directions but not in the transverse direction; the
system dimensions were approximately 54 A˚ × 27 A˚ × 40 A˚. No attempt was made to
manually reconstruct the interface, and the initial coordinates simply consisted of a cleaved
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SiC crystal adjacent to cleaved diamond crystal. Temperature control was achieved using the
Bussi thermostat45 and simulations were performed in an NVT ensemble (constant number of
particles, volume and temperature) with a timestep of 0.2 fs. Coordination analysis involved
counting the number of neighbours within cutoffs of 1.85, 2.35 and 2.8 A˚ for C-C, C-Si
and Si-Si distances, respectively. For the purposes of analysis and visualization, atoms are
considered to be sp2 and sp3 hybridized if they had three and four neighbours, respectively.
Visualization was performed using the OVITO software.46
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